Most normal cells require both mitogens and integrinmediated attachment for growth. It is generally accepted that the p42/p44 MAP kinase module, which can be activated by both growth factors and adhesion, plays a critical role in G0 to S phase progression of quiescent cells. Studies on various cultured ®broblasts have shown that removal of anchorage leads to cell cycle arrest in G1 and it has been proposed that adhesion-dependent G1 progression requires the joint regulation of p42/p44 MAP kinase by integrins and growth factors. In quiescent CCL39 lung ®broblasts, MAP kinase activation in response to serum becomes compromised when cells are placed in suspension. Under these conditions, serum-stimulated cells arrest their growth in mid-G1 with reduced cyclin D1 expression and increased p21
Introduction
In presence of growth factors, anchorage and cell-cell contacts modulate the proliferation of many cells in culture, including ®broblasts. Proliferation is stimulated by growth factors, in the context of an appropriate extracellular matrix, and it becomes inhibited by the establishment of inter-cell contacts when cells reach con¯uency. Furthermore, transformation of cells by oncogenic viruses, chemicals or spontaneously, diminishes the cell requirement not only for growth factors but also for anchorage. Indeed, the ability of cells to grow at high density or in semi-solid medium, as determined by proliferation in soft agar, correlates well with their tumorigenic potential.
It is well established that when growth factors are removed from the culture medium of ®broblasts, they exit the cell cycle and enter the quiescent state known as G0. Addition of mitogens triggers cell cycle re-entry by initiating a program of pleiotypic events, including stimulation of the p42/p44 MAP kinase cascade which has been shown to be determinant for cell growth (PageÁ s et al., 1993) . Persistent activation of the MAP kinase cascade by mitogenic agents has been suggested to be crucial for G0/G1 phase transition (Meloche et al., 1992) yet once cells pass the restriction point (Pardee, 1989) , growth factors are no longer required for progression to S-phase.
Over the past few years, the requirement for anchorage, in addition to growth factors, for the G0 to S phase transition has been a subject of renewed investigation. Studies from the group of Assoian and others have shown that G0-arrested ®broblasts stimulated in absence of matrix attachment can progress to mid-/late-G1 however they can not replicate their DNA (Assoian, 1997; Assoian and Zhu, 1997; Bottazzi and Assoian, 1997) . Depending on the cell line examined, this block has been attributed to either: (i) the lack of cyclin A induction (Shulze et al., 1996) , (ii) the lack of cyclin D1 induction (Zhu et al., 1996) , or (iii) alterations in the levels of cdk inhibitory proteins (p21 Cip/Waf1 or p27 Kip1 ) which results in the inhibition of G1 cyclin-dependent kinase activity (Fang et al., 1996) . The molecular events that link integrin and growth factor receptor signalling pathways to the cell cycle machinery remain to be established. However, several observations indicate that the Ras/ Raf/MEK/MAP kinase cascade, may act as an adhesion sensor. Whereas the cascade can be activated independently by growth factors or anchorage, full and sustained p42/p44 MAP kinase activation by mitogens is strongly anchorage-dependent. The adhesion-dependent step in the pathway remains to be clari®ed since both Raf (Lin et al., 1997) and MEK (Renshaw et al., 1997) have been suggested as candidates in NIH3T3 cells.
In the present study, we have evaluated the role of the MAP kinase pathway in anchorage-dependent growth using a non-transformed line of lung fibroblasts (CCL39 cells) and a stable variant expressing an oncogenic form of Raf-1 fused to the estrogen receptor. We found that serum-stimulated CCL39 cells accumulate in the G1 phase of the cell cycle upon anchorage removal. This block is accompanied by a poor induction of cyclin D1 and increased p21 Cip/Waf1 expression. Here, we demonstrate that, inducing sustained and elevated activation of MAP kinase with a combination of growth factors and estradiol does not release the G1 block. Therefore, we suggest that adhesion-dependent signaling events contribute to the dual control of cell cycle progression by growth factors and anchorage.
Results

Adhesion-dependent cell cycle progression of CCL39 ®broblasts
In order to determine the anchorage dependence of cell cycle re-entry (G0 to G1) and S phase progression in CCL39 ®broblasts, con¯uent monolayers were ®rst G0-synchronized by serum starvation for 30 h. Thereafter, the quiescent cells were placed in suspension by trypsinization, as detailed in Materials and methods, and suspended cells were either challenged with growth factors (10% FCS) or maintained in serum-free medium for 12 h. Cells were then replated in the presence of mitogens in order to measure the incorporation of [ The time course of S phase re-entry for G0-arrested cells either maintained in suspension without serum for 12 h or freshly trypsinized (data not shown) was identical. However, we routinely observed that the level of [ 3 H]TdR incorporation was considerably lower in anchorage-deprived cells due to cell death. Increasing evidence indicates that nearly all anchoragedependent cell types are susceptible to apoptosis in absence of adhesion however there is a continuum of sensitivity to extracellular matrix detachment (Meredith and . In our hands, 30 ± 40% of CCL39 ®broblasts undergo apoptosis after 24 h without anchorage or mitogens (manuscript in preparation) and serum partially protects suspended cells from dying.
Molecular characterization of the G1 block by immunoblotting revealed that pRb is not hyperphosphorylated in serum-stimulated cells maintained in suspension (Figure 1, bottom) . Since cyclin D-Cdk4/6 complexes are known to phosphorylate the pRb protein in response to growth factors (Sherr, 1996 , Weinberg, 1995 we next analysed the expression of cyclin D. Cyclin D1 has been shown to be the major mitogen-regulated D-type cyclin in CCL39 cells (L'Allemain et al., 1997) . As shown in Figure 1 bottom, expression of the cyclin D1 protein increases 8 h following stimulation of monolayer cultures with mitogens. However, in suspended cells cyclin D1 expression is severely impaired, even 24 h after growth factor addition. Thus, decreased cyclin D1 expression may contribute to cell cycle arrest of suspended cells. Accordingly, it has previously been shown that both transcription and translation of cyclin D1 are anchorage-dependent events in various types of ®broblasts including NIH3T3 and primary cultured human ®broblasts (Zhu et al., 1996) . Further, cyclin D1 overexpression has been found to bypass the G1 block permitting S phase re-entry of quiescent ®broblasts in suspension (Resnitzky, 1997; Shulze et al., 1996; Zhu et al., 1996) . 
Stimulation of p42/p44 MAP kinases in absence of anchorage
It has recently been demonstrated that the p42/p44 MAP kinase cascade positively regulates induction of cyclin D1 expression in response to growth signals thus contributing to the regulation of S phase entry (Lavoie et al., 1996) . Therefore, we examined whether the inhibition of cyclin D1 induction could be due to a defect in the growth factor activation of p42/p44 MAP kinases in absence of adhesion. Stimulation of the p42/ p44 MAP kinase isoforms was determined using a mobility shift assay in adherent and suspended cells. Since we observed that trypsinization results in transient MAP kinase activation, cells were left in suspension for 1 h prior to serum stimulation in order to allow kinase activity to return to basal levels. As pictured in Figure 2 , it is clear that under both conditions (attached and suspension) the kinases can be activated, yet we did note a decrease in both the magnitude and persistence of kinase activation in suspension cultures as compared to adherent cells. Further, we observed that the ability of mitogens to stimulate the p42/p44 MAP kinase pathway is dependent upon the time of anchorage deprivation. Thus, after 12 h in suspension, kinase activation is markedly reduced (data not shown). Nonetheless, transient activation of MAP kinase even after 4 h in suspension was sucient to stimulate the transcription of the early genes, c-fos and c-myc, in response to mitogens (data not shown).
Strong and persistent MAP kinase activation fails to enhance cyclin D1 expression and does not promote cell cycle progression in suspension Impaired activation of MAP kinase in absence of matrix has also been reported to occur in NIH3T3 cells (Chen et al., 1996; Lin et al., 1997; Renshaw et al., 1997; Zhu and Assoian, 1995) . In light of these results, we examined whether enforced activation of MAP kinase in non-adherent CCL39 cells could restore cyclin D1 induction and relax the anchorage-requirement. To do so, we employed a CCL39-derived cell line (CCL39-DRaf-1:ER) stably expressing a constitutively active form of Raf-1 fused to the hormonebinding domain of the estrogen receptor (Samuels et al., 1993) . In these cells, addition of estradiol induces a strong and sustained activation of p42/p44 MAP kinases (Lenormand et al., 1996) . Whereas MAP kinase activation by estradiol alone is sucient to induce cyclin D1 expression in adherent CCL39-DRaf-1:ER cells, the presence of serum is required for hyperphosphorylation of pRb and S-phase re-entry (Lavoie et al., 1996) . Therefore we analysed the ability of serum+estradiol to stimulate cyclin D1 expression and pRb hyperphosphorylation in non-adherent CCL39-DRaf-1:ER cells (Figure 3) .
Serum stimulation of MAP kinase in CCL39-DRaf-1:ER cells that have not been exposed to estradiol and parental CCL39 cells is similar (Figure 2 compared to Figure 3 , left panels). When estradiol was added to cells in conjunction with serum we observed robust and sustained activation of MAP kinase in both adherent and suspended cultures (Figure 3 , right panels). However, even under these conditions cyclin D1 induction and hyperphosphorylation of pRb occurred only in adherent cells. These results suggest that MAP kinase activation is not sucient to overcome the G1 block in anchorage-deprived cells. Rather, there appears to be an anchorage-sensitive pathway in addition to MAP kinase activation that is required for both maximal induction of cyclin D1 expression and stimulation of subsequent events leading to pRb hyperphosphorylation and S phase entry.
We next compared the levels of the Cdk inhibitor proteins, p27
Kip1 (p27) and p21 Cip/Waf1 (p21), in adherent and suspended CCL39-DRaf-1:ER cells to determine the anchorage sensitivity of their expression. As shown in Figure 3 , p27 was highly expressed in G0-arrested cells and its expression decreased slightly, albeit consistently, in serum-treated CCL39-DRaf-1:ER cells both in presence and absence of adhesion. Thus, in these cells the negative regulation of p27 expression appears to be independent of adhesion. In contrast to p27 expression, p21 levels were barely detectable in quiescent cells and they were sensitive to attachment. Following serum addition to cells in suspension, p21 expression increased considerably. Furthermore, activation of MAP kinase with estradiol appeared to enhance this eect suggesting that both adhesiondependent and MAP kinase-regulated events participate in the induction of this Cdk inhibitor in CCL39 cells. Estradiol treatment also increased p21 expression in adherent cultures (Figure 3 and N Rivard unpublished results), consistent with recent reports Figure 2 Stimulation of p42 and p44 MAP kinases in suspension. Attached cells were arrested in G0 by 30 h of serum deprivation. Quiescent cultures were then placed in suspension, or maintained attached, for 1 h in serum-free medium containing 1% BSA prior to the addition of 10% FCS for the indicated times. p42/p44 MAP kinase activation was determined by the mobility shift assay as described in Materials and methods using the antibody E1B3 Adhesion-dependent cell cycle progression M LeGall et al that high intensity Raf signals lead to p21 induction in dierent cells Sewing et al., 1997; Woods et al., 1997) .
Discussion
In the studies described above, we have evaluated the role of MAP kinase in adhesion-dependent G1 progression. Using an estradiol-regulatable Raf kinase we have clearly demonstrated that even strong and constitutive activation of the MAP kinase pathway is not sucient to overcome the G1 block in nonadherent CCL39 ®broblasts.
Consistent with ®ndings in other ®broblastic lines, mitogen-stimulated CCL39 cells become arrested in mid-G1 in absence of integrin-mediated attachment to a substratum. The block in these cells appears to occur through the downregulation of cyclin D1 expression with a concomitant increase in p21 expression which tips the cyclin-Cdk/p21 balance in favour of the inhibitor thus repressing subsequent phosphorylation of pRb and G1 exit.
Upstream of these events, the p42/44 MAP kinase pathway is a key regulator of cyclin D1 (Lavoie et al., 1996; Weber et al., 1997) . Indeed, MAP kinase activation occurs following both growth factor receptor and integrin ligation and has been suggested to be a critical step in adhesion-dependent G1 progression. It is not clear, however, why signals originating from growth factor receptors and from integrins are both required to coordinate G1 to S phase transit. It has been proposed that the dual requirement may re¯ect the quality of the signal in respect to the amplitude and kinetics of the response (Bottazzi et al., 1997; Zhu and Assoian, 1995) . Indeed, we have shown here that the magnitude and persistence of MAP kinase activation is attenuated in CCL39 cells in suspension. However, even`high intensity' activation of the MAP kinase pathway can not replace adhesion in CCL39-DRaf-1:ER cells. In light of these results, we propose that one or more integrin-dependent signalling events, distinct from MAP kinase stimulation, participates in cyclin D1 regulation and G1/S phase transit.
Extensive advances have been made over the past few years in de®ning the role of integrins as signal transduction receptors (reviewed in Dedhar and . Activation of these heterodimeric transmembrane proteins triggers the assembly of focal adhesion complexes composed of cytoskeletal components and signalling molecules including focal adhesion kinase (FAK), Src family kinases, PI-3 kinase, and various docking proteins that participate in signal transmission (see Yamada and Geiger, 1997) . Several of these elements are shared by growth factor receptor and integrin signalling pathways whereas increasing evidence indicates that integrin-speci®c mediators exist. Recently, two potential mediators of integrin signalling pathways have been identi®ed, integrin-linked kinase (ILK) and b3 endonexin, based on their interaction with the b1 and b3 integrin cytoplasmic domains, respectively Shattil et al., 1995) . Overexpression of ILK, a serine/threonine kinase regulated by adhesion to the extracellular matrix, has been shown to bypass anchorage-dependence of rat intestinal epithelial cells by up-regulating cyclin D1 and A expression and hyperphosphorylation of pRb (Radeva et al., 1997) . The actin cytoskeleton also actively participates in adhesion-dependent signalling events. Members of the Rho family of small GTPases have been implicated both upstream and downstream of focal adhesion assembly (Hotchin and Hall, 1995; Tapon et al., 1997) and their ability to organize the cytoskeleton may be critical for cell proliferation. Indeed Zhu and Assoian (1995) have shown using cytochalasin D to disrupt cytoskeletal architecture in ®broblasts that progression through G1 to the restriction point requires cytoskeletal integrity.
Concerning the suboptimal activation of MAP kinase in non-adherent CCL39 cells, we found that the ability of mitogens to stimulate kinase activity decreases following extended incubation of cells in suspension, similar to results reported by Renshaw et al. (1997) . However, our results would argue against their proposal that MEK is the anchorage-sensitive step in the MAP kinase cascade since we are able to induce full activation of MAP kinase several hours after placing cells in suspension by stimulating Raf-1, the kinase upstream of MEK. Based on these results, we would situate the adhesion-dependent step at the level of Raf or upstream, consistent with the recent report of Lin et al. (1997) .
Our observations that both adhesion and mitogens control induction of D1 cyclin suggest that each of these pathways may deliver a distinct contribution to D1 expression. In adherent cells, mitogen-stimulated MAP kinase cascade positively regulates transcription of the cyclin D1 gene (Lavoie et al., 1996) . More recently, several reports using cells expressing various conditionally-inducible Raf-1 chimeric constructs have con®rmed the implication of MAP kinase in cyclin D1 induction (Kerkho and Rapp, 1997; Pumiglia and Decker, 1997; Sewing et al., 1997; Woods et al., 1997) . In the present study we have extended these ®ndings by demonstrating that MAP kinase-stimulated cyclin D1 expression is also anchorage-dependent. The fact that cyclin D1 expression is down-regulated under nonadherent compared to adherent conditions can not be explained by a non-speci®c eect on transcription since c-myc and c-fos mRNA can be induced in suspension. Furthermore, there does not appear to be a general attenuation of protein synthesis in cells, as p21 protein levels increase upon anchorage removal. Studies using cells that ectopically express cyclin D1 are in progress to further analyse the molecular mechanism underlying the adhesion-dependent controls of the protein levels in CCL39 cells.
Interestingly, in presence of mitogens we observed a signi®cantly increased expression of the Cdk inhibitor p21 in CCL39 cells following anchorage removal whereas p21 levels remained low or undetectable in adherent cells. Forced activation of Raf-1/MAP kinase was also able to stimulate p21 expression, presumably via a distinct mechanism, since MAP kinase activity is reduced in suspended cells. The induction of p21 by integrin disengagement may indicate that constitutive negative regulatory signals control the expression of this protein in attached cells. Increased p21 expression has also been described in suspended human ®broblasts (Fang et al., 1996) , and to a lesser extent in NIH3T3 cells (Zhu et al., 1996) . The p21 protein has been proposed to act as an assembly factor that stabilizes cyclin-Cdk complexes (Harper et al., 1995; LaBaer et al., 1997; Sherr, 1996; Zhang et al., 1994) . Thus inhibition of cell proliferation by the inhibitor depends upon the balance between cyclin-Cdk levels and p21 expression in cells. Whereas a high ratio of p21 levels to cyclin D1 would be inhibitory to cyclin D1/Cdk activity, p21 levels below a certain threshold may stabilize an active complex. In this context, it is tempting to speculate that the balance of p21 to cyclin D1 resulting from absence of matrix attachment in CCL39 cells favours cell cycle arrest.
Our ®ndings that the p27 expression appears to be independent of adhesion, since it slightly decreases following mitogen stimulation of both adherent and non-adherent cells, is at variance with ®ndings in other cell types (discussed in Bottazzi et al., 1997) . Cellspeci®c dierences exist in anchorage-dependent control of the cell cycle machinery. However, they appear to be limited to regulation of G1 cyclins (expression and/or activity) and their inhibitors, p21 and p27. No marked eects of anchorage have been reported to date on the phosphorylations that regulate the kinase activity of Cdk's or on the INK4 class of Cdk inhibitory proteins composed of p15, p16, p18 and p19 (reviewed in Bottazzi et al., 1997) .
It is important to note that all so-called anchoragefree conditions reported in the literature are not comparable (i.e. colony formation in soft agar versus suspension on agarose-coated plates or liquid suspension). The ability of cells to form colonies in soft agar doesn't necessarily correlate with their ability to grow under other widely accepted anchorage-free conditions, such as growth on agarose-coated dishes or in liquid suspension, as used in the present study. Accordingly, we found that CCL39 cell-derived mutants selected for their ability to form colonies in soft agar (Van Obberghen-Schilling et al., 1983) were unable to proliferate in liquid suspension (M Le Gall unpublished observations).
In addition to cell cycle arrest in CCL39 ®broblasts following prolonged (512 h) incubation in suspension, we observed that a signi®cant proportion of the cells underwent apoptosis. Under the same culture conditions NIH3T3 cells proved to be much less sensitive to matrix detachment than CCL39 cells underscoring the variability, even among ®broblastic cells, in anchoragedependent survival (as discussed in Meredith and . These observations raise an interesting question concerning the choice between cell cycle arrest or programmed cell death following anchorage removal. We are currently examining the molecular events that govern this decision. [methyl- 3 H] thymidine (TdR) was obtained from Amersham (Paris, France) and estradiol was from Sigma. The monoclonal antibody against pRb was purchased from Pharmingen (Clinisciences, Paris, France) and polyclonal anti-p21
Materials and methods
Materials
Cip/Waf1 (H164) was from Santa Cruz Biotechnology (TEBU, Le Perray-en-Yvelines, France). Monoclonal antip27 Kip1 (DCS-72) and anti-cyclin D1 (DCS-6) antibodies were generous gifts of Dr J Bartek (Danish Cancer Society, Copenhagen, Denmark). The rabbit polyclonal antibodies which recognize both p42 and p44 isoforms of MAP kinase (E1B3), or only p42 MAP kinase (E1B4), were kindly provided by Dr F McKenzie.
Cells and culture conditions
The CCL39 line of Chinese hamster lung ®broblasts (American Type Culture Collection) was maintained in Dulbecco's modi®ed Eagle's medium (DMEM, GIBCO) containing penicillin (50 units/ml) and streptomycin (50 mg/ml) and supplemented with 7.5% fetal calf serum (FCS). For experiments on cells in suspension, G0-arrested cells (con¯uent monolayers starved in absence of serum for 30 h) were detached from plates with trypsin (5 min, 378C) then the trypsin was blocked with soybean trypsin inhibitor (Sigma). Following centrifugation, cells were resuspended in serum-free DMEM containing 20 mM HEPES, 1 mg/ml BSA at 10 5 cells per ml and transferred to spinner¯asks. Cells were stimulated or not in suspension with 10% FCS for the indicated times. CCL39-DRaf-1:ER cells (clone S18) which stably express a plasmid encoding DRaf-1:ER, an estradiol-regulated form of oncogenic Raf-1 kinase (provided by Dr M McMahon, DNAX, Palo Alto, CA), were cultivated in DMEM without phenol red supplemented with penicillin/streptomycin, 7.5% FCS and G418 (400 mg/ml).
[
H]TdR incorporation
After 12 h in suspension, in presence or absence of 10% FCS, cells were re-plated in 24-well plates at a concentration of 2610 5 cells per well (2 ml of suspension were centrifuged and resuspended in 250 ml) in the presence of 10% FCS. At the indicated time after re-attachment, cells were incubated for 30 min with 2 mCi/ml [ 3 H]TdR then washed and ®xed with 5% ice-cold trichloroacetic acid (TCA). TCA-precipitable material was resuspended in 500 ml of 0.1 M NaOH and counted in a scintillation counter.
Immunoblotting G0-arrested cells were trypsinized, treated with soybean trypsin inhibitor and either re-attached or kept in suspension for the indicated times in medium containing 10% FCS+1 mM estradiol. For immunoblotting, cells were lysed in Laemmli buer and proteins from whole cell lysates were separated by SDS ± PAGE in 12% acrylamide gels (for p21), 10% (for p27 and cyclin D1) or 7.5% (for pRb). For p42 MAP kinase mobility shift experiments, the percentage of bisacrylamide was reduced to 0.007% (®nal) and the samples were resolved in 12.5% acrylamide gels.
Proteins were transferred to Immobilon-P membranes (Millipore) and incubated with primary antibodies. Following incubation with horseradish peroxidase-conjugated secondary antibody, immune complexes were detected with the enhanced chemiluminescence immunodetection system (Amersham).
